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Introduction
Chemical vapour deposition (CVD) of diamond has now become a mature technology, which is being used to fabricate diamond thin films for an increasing number of applications [1] . The hydrogen termination present on the surface of most CVD diamond films imparts negative electron affinity (NEA), which lowers the effective surface potential barrier that electrons must overcome to escape into vacuum [2] . This NEA surface makes CVD diamond a candidate for a range of electron emission devices, including electron sources/guns (for microwave tubes or high-definition television), radio-frequency electron injectors [3] , cathodes for photoinjectors [4] , thermionic heat convertors (for solar power generation and heat-scavenging devices) [5] , and high-gain secondary electron emission emitters (for photomultiplier tubes and amplified night-vision goggles) [6] . Extraction of electrons from a diamond surface via application of a large applied electric field (field emission) has been studied as a possible route for bright, emissive display technology [7] or fast-switching vacuum electronics [8] . Unlike field emission from metals, which has been understood for nearly 90 years [9] , the mechanism for field emission from a wide band-gap semiconductor, such as low-conductivity polycrystalline CVD diamond, remains poorly understood.
Field emission from diamond films is usually measured in a highvacuum chamber, where the diamond film is attached to a grounded holder while a positively biased electrode is positioned 10-100 μm above the film surface. As the voltage bias on the electrode is increased, above some threshold voltage, V th , electrons begin to be extracted from the diamond surface, travel across the vacuum gap and are collected by the electrode. Above V th , the measured emission current is a function of the bias voltage and follows the Fowler-Nordheim model for field emission, which was originally devised for electron emission from metals by quantum mechanical tunnelling through a potential barrier [9] .
However, for a number of reasons, field emission from polycrystalline diamond (PCD) films is not as straightforward as that from many other materials. First, the polycrystalline nature of the film means that the surface contains both diamond crystallites surrounded by their corresponding grain boundaries (GBs). The crystallites are almost pure sp 3 diamond, while the GBs can be composed of sp 2 carbon, graphitic impurities, impurity atoms (such as H, B, etc.), stacking faults, etc., and can range in thickness from atomically sharp to several nm depending on the type of diamond film under test. Second, faceted microcrystalline diamond (MCD) films grow via a van der Drift process which produces columnar growth structures [1] . This leads to a GB network that electrically connects the bottom of the film to its surface. In poorly conducting (undoped) diamond films, these vertical GBs act as conducting pathways for electrons to travel from the grounded substrate holder, through the film, to its surface, to be emitted at some specific location.
Another complication is that the measured emission current often originates from multiple emission sites [10] , depending upon the area of the electrode used. Also, faceted PCD films exhibit wide variations in topography, with height differences from the top of peaks to the bottom of valleys varying from nm to 100 s of μm depending on the film. MCD facets can also exhibit sharp edges or apices which may increase field emission by enhancing the local electric field, while nanocrystalline diamond (NCD) often exhibits more rounded crystallite structures. In contrast, ultrananocrystalline diamond (UNCD) films can appear smooth on a nm scale, yet still field emit with high current at low bias values.
Further, CVD diamond films are usually terminated with hydrogen, and this imparts an NEA to the surface. This NEA surface is essential for efficient field emission at low bias, as it is believed to lower the barrier for electron emission. Exposing the H-terminated film to oxygen (or even leaving the sample in ambient air for a few days) is sufficient to replace some of the surface H with O groups, which degrades the NEA, reduces the percentage of the surface area emitting, and worsens the field emission performance [11] . In addition, there are many reports that state that in order to achieve stable and reproducible field emission, the bias must be cycled up and down a few times to 'condition' the surface. This conditioning process is believed to be a combination of many processes, including removing the H termination or other adsorbates, graphitisation of the surface and/or the conducting GB pathways, or even burning or restructuring of the surface morphology [12] . Finally, doping diamond with boron changes its electrical conductivity, which can be varied from highly insulating to near-metallic depending on the B content. Having a conducting PCD film changes the field emission characteristics yet again, as the electrons can now travel more easily through the film (via the GBs as before but now via the grains as well) to reach the surface.
All these issues have made field emission from diamond a tricky problem to study, and the mechanism by which it occurs has proven controversial. Considerable effort [8] has been spent on trying to process diamond into needles, cones, pyramids or other sharp-tipped structures, in the belief that the electric field enhancement around these structures is necessary for efficient electron emission. However, the experimentally measured field emission efficiency from such structures is significantly smaller than theory predicts, causing scientists to search for other mechanisms to explain the efficient emission from PCD films [13] . Many experiments show that field emission seems to correlate with the number and density of grain boundaries containing non-diamond sp 2 carbon [14] . In fact, single-crystal diamond shows little, if any, field emission. To explain this, Cui et al. [15] devised a mechanism in which the threshold for field emission is lowered due to a local reduction of the electron affinity of the diamond surface that surrounds nanosized graphitic surface structures, such as defects or grain boundaries. Field emission takes place from the graphitic region, but the emission barrier is controlled by the surrounding diamond. A similar model for the enhanced field emission from other forms of carbon, including flat, smooth, diamond-like carbon, was suggested by Robertson [16] and by Ilie et al. [17] . Despite a number of experimental reports providing circumstantial evidence in support of Cui et al.'s model, direct confirmation of GB emission has proven elusive. Recently, we demonstrated that electron emission in low conductivity polycrystalline diamond films originates from the grain boundaries (GBs) and not from sharp peaks, edges or other topographical features [11, 18] . This observation provided compelling evidence for Cui et al.'s model for electron field emission [15] , and confirmed the initial findings of previous groups [19, 20, 21] . Direct observation of the electron emission sites was achieved utilising PeakForce-controlled tunnelling atomic force microscopy (PF-TUNA 1 ) in a low-force regime. In this system, a tunnelling current is measured between a sharp, conductive atomic force microscopy (AFM) tip and a sample surface as the tip tracks the sample topography. The advantages of PF-TUNA for the study of field emission on CVD diamond have been discussed previously, as well as the numerous precautions necessary to ensure that the recorded data correspond to reality and not to experimental artefacts [11] . Chubenko et al. [22] recently showed theoretically that, although the electron emission processes occurring during PF-TUNA measurements are not directly equivalent to those occurring during macro-scale field emission, tunnelling measurements can nevertheless be used to better understand and interpret data about field emission mechanisms and site locations.
For poorly conducting diamond films with granular morphology on the micron scale, the specific advantage of PeakForce control is that the interaction force between the tip and the sample is kept constant at a set-point value through the non-resonant collection of force curves while scanning, and therefore the tip-surface separation and the emission regime are also constant. This means that samples with a surface r.m.s. roughness of several microns can be investigated over scan areas up to hundreds of square microns, allowing a wider picture of the overall morphology to be obtained. Scans can then be performed over regions of a few microns with resolution in the range of nanometres, and with very high current sensitivity, which is particularly useful for the electrical characterisation of low-conductivity samples at high lateral resolution.
Detailed PF-TUNA investigation of CVD diamond films has shown that electron emission from GBs remains the dominant mechanism across a range of grain sizes [11] and topographies, including CVD diamond coated onto vertically aligned carbon nanotube 'teepee' structures [23] . An example of such data is shown in Fig. 1 for a freestanding undoped 10 μm-thick MCD film deposited using a hot filament diamond CVD reactor (20 Torr pressure, 1%CH 4 /H 2 , substrate temperature 900°C, Ta filaments 2100°C). The topography scan ( Fig. 1(a) ) shows that the crystallites are~0.5 μm in size, while the corresponding line profile for the measured tunnelling current (Fig. 1(b) ) shows peaks in emission matching the position of the GBs and not from the highest regions of the structures. This is highlighted further in the overlaid image in Fig. 1(c) where the lowest regions between the crystallites appear brighter than the crystallites themselves. In contrast, for doped PCD films with higher conductivity, electron emission is found to occur from the surface of the grains themselves, as well as the GBs [11] . With increasing conductivity, the effect of the lowering of the localised barrier by the presence of the GB is lessened with respect to emission from the crystallite surface elsewhere. As such, with increasing conductivity, electron emission starts to occur further up the grain until when the film is highly conducting, emission occurs uniformly from the grains and GBs alike.
We now extend the PF-TUNA investigation of the electron emission mechanism to the other end of the topographic scale -to 'smooth', low conductivity PCD films with surface features smaller than that of nanocrystalline diamond. Such smooth, flat films, effectively eliminate the influence of topography on PF-TUNA measurements, providing additional evidence that emission measured at GBs is not the result of AFM tip geometry interacting with surface features or other topographical structures. Chubenko et al. [22] state that the PF-TUNA mechanism has the potential to enable measurement of surface barrier structure, Fermi level positioning and the electron supply function of GBs. However, the optimal surface geometries and the limitations of the PF-TUNA technique for such studies have not yet been identified, and this provides another motivation to study smooth diamond surfaces with different grain sizes.
Methods
In this experiment, PF-TUNA cantilevers were used [Bruker, CA, USA] with a nominal stiffness of 0.4 N m − 1 , while a tip coating of conductive Pt-Ir gives a typical tip radius in the range of 20 nm. In this study, PF-TUNA was conducted in ambient conditions using a Multimode VIII AFM with Nanoscope V controller housed in two levels of Faraday shielding, while a low force set-point < 1 nN was utilised to maintain scanning in an attractive surface force regime.
Although it is possible to achieve sub-nm roughness values on diamond films using techniques such as chemical-mechanical polishing (CMP) [24] , there was the unwanted possibility that these methods may affect the surface chemistry in unknown ways, such as altering the surface termination from H or O to SiO groups (as CMP often uses silicate abrasives), which in turn, may affect the electron emission. To avoid this issue, we chose to investigate two forms of polycrystalline diamond with low surface roughness with grain sizes ranging from nm to tens of μm produced by two methods not involving CMP. In Sample 1, the nucleation layer of a typical MCD film was measured. A singlecrystal aluminium nitride (AlN) substrate with an original r.m.s. surface roughness of~5 nm was seeded using a suspension of 4-10 nm nanodiamond particles (NanoAmando, Japan) in methanol. A~4 μm-thick, undoped (i.e. highly resistive) facetted diamond film was deposited on the seeded substrate under typical MCD growth conditions (5%CH 4 /H 2 gas mixture, 1 kW input power, 120 Torr pressure, 800°C, 2.5 h) in a microwave plasma CVD system [1] . AlN was chosen as the substrate because CVD diamond does not adhere very well to the smooth AlN surface due to the difference in thermal expansion coefficient and the lack of a carbide layer at the interface [25] . Therefore, the diamond film delaminated during the cooling step following CVD to form a freestanding film and allow access to the nucleation surface that had originally been in contact with the AlN. The sample was acid cleaned (50% conc. sulfuric acid, 50% conc. nitric, acid for 3 h) and sonicated in water to remove any surface debris. The acid cleaning had the unwanted side-effect of making the surface oxygen terminated and nonconducting. Therefore, the surface was re-hydrogen-terminated using an H 2 plasma in a microwave CVD reactor for several minutes immediately prior to analysis to make it sufficiently conducting for PF-TUNA analysis.
Sample 2 was a commercial free-standing undoped MCD film (TM100, 10.0 × 10.0 × 0.25 mm, Element Six, UK) that had been mechanically polished to an average roughness (according to the manufacturer's specifications) of < 50 nm. The sample was then acid cleaned and washed, as described above. This treatment was particularly important for Sample 2, as it was necessary to remove the considerable amount of surface debris remaining from the mechanical polishing process. Scanning electron microscopy (SEM) revealed that this treatment removed most of the debris, however, a few isolated nanoparticles remained scattered around the surface. Energy dispersive X-ray analysis confirmed that these particulates were non-metallic and composed only of carbon, while SEM indicated that they were Fig. 1(c) ). Because the total current (as estimated by the area under the plot) is larger, the film appears lighter blue overall than the MCD film shown in Fig. 1(c) . Also, the emission site density is now so large that on this scale it is difficult to distinguish the non-emitting grains from the emitting grain boundaries. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) sufficiently separated not to affect the TUNA measurements. After cleaning, Sample 2 was re-hydrogen-terminated as before. Fig. 2(a) shows that the surface roughness of the diamond nucleation layer in Sample 1 was~5 nm, consistent with that of the original AlN substrate, and consists of close-packed diamond features, which have a measured size of 20-40 nm due to convolution with the AFM tip radius. This is expected based upon the size distribution and random nature of the nanoparticle seeding. Despite this surface being smooth on the 10's of nm scale, line profiles across 4 features (Fig. 2(b) ) show that measurement of higher emission current directly matches the spacing between them. As was previously shown for UNCD films [11] , the high density of GBs due to the small grain size means that the percentage of the surface that is emitting is increased. The emission intensity was quantified by measuring the emission current above a threshold set at the r.m.s. current for each sample, to give an estimate for the percentage of the surface area that emits electrons. Using this method we estimate that the small grains present in the nucleation surface of the film result in a percentage surface emission of~71%; this is greater than that previously reported for UNCD of 49% and significantly larger than the 18% reported for MCD films. This suggests that a diamond surface with the smallest possible grain size, i.e. a high density of grain boundaries, offers the optimum efficiency for an undoped CVD diamond emitter. However, for the demonstration of individual GB emission by PF-TUNA techniques this high density of emission sites can prove challenging because detailed investigation of individual boundaries in this scenario will require a very sharp interaction point between the tip and the sample.
Results and discussion
For Sample 2, PF-TUNA measurements revealed that the local film surface was significantly smoother than the quoted specifications, with the surface being comprised of diamond grains with size > 10 μm but with an r.m.s. roughness of 0.67 nm. Indeed, individual large grains and their facets could often be detected only by very small differences in surface angle, as shown in Fig. 3(a) and (b) .
Electron emission was recorded at GBs exhibiting this small change in angle between grains (see Fig. 4 ).
To further demonstrate that topography is not a major factor in emission, Fig. 5 presents an example of a GB from Sample 2 where the grains on either side are the same height and orientation. In this example, increased emission is measured following a linear surface orientation equivalent to that demonstrated in Fig. 4 , identifying the presence of a GB. Also, similar to Fig. 4 is the fact that, topographically, the emitting region has no features of greater height than the surface roughness of the surrounding diamond. The lack of discernible surface features corresponding to this GB eliminates the potential for this emission to be due to damage to the surface from the polishing technique. More importantly it provides a definitive proof that the identification of electron emission sites by PF-TUNA is not due to surface morphology, even down to the nano-scale.
Conclusions
We have previously shown that PF-TUNA measurements provide direct evidence that electron emission from poorly conducting polycrystalline CVD diamond samples occurs preferentially from the grain boundaries, and not the grains themselves or from any effect of geometry. Although we had taken precautions to avoid topographic artefacts confounding the data, there was still the possibility that some unknown tip-surface effect with micron-sized features was generating a false conclusion. The results presented here, on smooth diamond surfaces, eliminate any possibility of geometrical artefacts, and so the conclusion about emission arising from grain boundaries is strengthened.
The exact nature of the GBs in diamond films is still unclear, however it is likely that different types of diamond film will have different GB characteristics. For films with large grains, such as the MCD film in Sample 2, the GBs can be almost atomically sharp, and contain many stacking faults and dislocations [26, 27, 28] . In contrast, the GBs in films with smaller crystallites, such as those found in NCD or in the nucleation surface of MCD films (as in Sample 1) can be a few nm in thickness and often contain significantly more sp 2 carbon impurities [29] . For UNCD films, the GBs are almost the same size as the grains themselves, and contain significant graphitic or other sp 2 carbon phases, as well as H and other impurities [29] . In this paper and previous ones [11, 18] , we have shown that whatever the nature of the GB, they behave similarly in respect to enhancing electron emission, and they appear to all be consistent with the model for field emission described by Cui et al. [15] . Nevertheless, there may be some subtle differences between the electron emission characteristics from different types of GB, which might be obtained by a future systematic PF-TUNA studies using higher sensitivity equipment. This may provide a method by which to study the nature of GBs in different diamond films in more detail. One difference between the high-resolution PF-TUNA measurements and macroscopic large-area field emission from diamond is that the latter are often dominated by a small number of hot-spots, from which the majority of the emission originates [10] . Often the emission from these hot-spots is not stable and 'flickers', and with prolonged emission the sites can burn out, to be replaced by new hot-spots which switch on elsewhere on the surface [12] . The PF-TUNA results, in contrast, do not predict such hot-spots, but suggest that, if scaled up, emission would be rather uniform over the whole tested area. One reason for this apparent incongruity probably results from the fact that electrons always take the path of least resistance. When the electric field is applied over a large area, there will always be certain regions on the film surface that have a much lower electrical resistance, as a result of the random conduction pathways (i.e. the GBs in PCD films) from the back contact to the emitting surface having a favourable connective network at those points. The nature of the emission site will probably still be a GB on the surface, however this site will now pass nearly all the emission current, until the localised heating causes it to restructure into a less conducting form, or it permanently burns out. It is unlikely that the PF-TUNA tip would be fortunate enough to scan across one of these hot-spots by chance, and so these measurements will necessarily be representative of the general electron emission properties of the surface rather than those of the hot-spots.
The results suggest that smooth polished diamond films are ideal candidates for more advanced PF-TUNA studies of GBs, including measurements of the surface barrier structure, Fermi level positioning and the electron supply function. However, once the position of the GB was identified, this would probably require extremely high-resolution PF-TUNA to map out the GB on the atomic scale. 
